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Abstract. 

Study of radio supernovae over the past 25 years includes two dozen detected objects and 
more than 100 upper limits. From this work it is possible to identify classes of radio properties, 
demonstrate conformance to and deviations from existing models, estimate the density and structure 
of the circumstellar material and, by inference, the evolution of the presupernova stellar wind. It is 
also possible to detect ionized hydrogen along the line of sight, to demonstrate binary properties of 
the stellar system, to detect dumpiness of the circumstellar material, and to put useful constraints 
on the progenitors of undetected Type la supernovae. 
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1. RADIO SUPERNOVAE 

A series of papers on radio supernovae (RSNe) has established the radio detection and, 
in a number of cases, radio evolution for approximately two dozen type Ib/c supernovae 
(SNe) (Because the differences between the SN optical classes are slight - type lb show 
strong He I absorption while type Ic show weak He I absorption - and there are no 
obvious radio differences, we shall often refer to the classes as type Ib/c), and the rest 
type II SNe. A much larger list of more than 100 additional SNe have low radio upper 
limits (See http://rsd-www. nrl. navy. mil/72 1 3/weiler/kwdata/rsnhead.html). 

In this extensive study of the radio emission from SNe, several effects have been 
noted: 

- type la SNe are not radio emitters to the detection limit of the 

- type Ib/c SNe are radio luminous with steep spectral indices (generally a < — 1; 
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S oc y+ a ) and have a fast turn-on/turn-off, usually peaking at 6 cm near or before 
optical maximum. 

- type II SNe show a range of radio luminosities with flatter spectral indices (gener- 
ally a > — 1) and a relatively slow turn-on/turn-off, usually peaking at 6 cm signif- 
icantly after optical maximum. 

Measurements of the multi-frequency radio light curves and their evolution with time 
show the density and structure of the CSM, evidence for possible binary companions, 
dumpiness or filamentation in the presupernova wind, mass-loss rates and changes 
therein for the presupernova stellar system and, through stellar evolution models, es- 
timates of the ZAMS presupernova stellar mass and the stages through which the star 
passed on its way to explosion. 

2. EMISSION MODELS 

All known RSNe appear to share common properties of: 

- Nonthermal synchrotron emission with high brightness temperature. 

- A decrease in absorption with time, resulting in a smooth, rapid turn-on first at 
shorter wavelengths and later at longer wavelengths. 

- A power-law decline of the flux density with time at each wavelength after maxi- 
mum flux density (optical depth ~ 1) is reached at that wavelength. 

The characteristic RSN radio light curves arise from the competing effects of slowly 
declining non-thermal radio emission and more rapidly declining thermal or non-thermal 
absorption yielding a rapid turn-on and slower turn-off of the radio emission at any single 
frequency. This characteristic light curve shape is illustrated in Fig. 1-2 for SN 1979C 
and SN 1980K. Since absorption processes are greater at lower frequencies, transition 
from optically thick to optically thin (turn-on) occurs first at higher frequencies and later 
at lower frequencies. 

Chevalier (1982a, 1982b) has proposed that the relativistic electrons and enhanced 
magnetic field necessary for synchrotron emission arise from the SN blastwave interact- 
ing with a relatively high density CSM which has been ionized and heated by the initial 
UV/X-ray flash. This CSM density (p), which decreases as an inverse power, s, of the 
radius, r, from the star, is presumed to have been established by a presupernova stellar 
wind with mass-loss rate, M, and velocity, w wm d, (i.e., p oc — ^— j) from a massive stel- 
lar progenitor or companion. For a constant mass-loss rate and constant wind velocity 
p oc r 2 . This ionized CSM is the source of some or all of the initial thermal gas ab- 
sorption. Additionally, Chevalier (1998) has proposed that synchrotron self-absorption 
(SSA) may play a role in some objects. 

A rapid rise in the observed radio flux density results from a decrease in these 
absorption processes as the radio emitting region expands and the absorption processes, 
either internal or along the line-of- sight, decrease. Weiler et al. (1990) have suggested 
that this CSM can be "clumpy" or "filamentary," leading to a slower radio turn-on, and 
Montes et al. (1997) have proposed the possible presence of a distant ionized medium 
along the line-of-sight that is sufficiently distant from the explosion that it is unaffected 
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FIGURE 1. Type II SN 1979C at 2 cm (14.9 GHz; crossed circles, solid line), 6 cm (4.9 GHz; open 
squares, dash-dot line), and 20 cm (1.5 GHz; open stars, dotted line). Note that the radio flux density 
increases after day ~ 4000 and has a sinusoidal modulation before day <~ 4000 (Weiler et al. 1991, 1992a, 
and Montes et al. 2000). 
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FIGURE 2. Type II SN 1980K at 6 cm (4.9 GHz; open squares, solid line), and 20 cm (1.5 GHz; open 
stars, dashed line). Note a sharp drop in flux density after day ~ 4000 (Weiler et al. 1992b, and Montes 
etal. 1998). 



by the blastwave and can cause a spectral turn-over at low radio frequencies. In addition 
to clumps or filaments, the CSM may be radially structured with significant density 
irregularities such as rings, disks, shells, or gradients. 

3. PARAMETERIZED RADIO LIGHT CURVES 

Weiler et al. (1986, 1990) and Montes et al. (1997) adopted a parameterized model 
which has been updated in Weiler et al. (2002). The model includes an intrinsic sy- 
chrotron emission, which is characterized by a spectral index a < and declines with 
time as a power law with exponent /3 < (S v v a t^), and an attenuation mostly pro- 
duced by /-/ absorption from the ionized CSM, but also, especially at early times, by 



sychrotron self-absorption. Each i-th absorption process is characterized by a power law 
decline with slope 5 ; . Various possibilities for the /-/ absorption are included, namely 
(i) homogeneous and (ii) clumpy or filamentary absorption by gas in the CSM, as well 
as (iii) the one originating in a possible foreground HII region. The homogeneous ab- 
sorption is produced by an ionized medium that completely covers the emitting source, 
and additional attenuation may be produced by an inhomogeneous medium ("clumpy 
absorption"; see Natta & Panagia 1984 for a more detailed discussion of attenuation 
in inhomogeneous media). The distant /-/ absorption is produced by a homogeneous 
medium which completely covers the source but is so far from the SN progenitor that it 
is not affected by the expanding SN blastwave and is constant in time. 

Since it is physically realistic and may be needed in some RSNe where radio obser- 
vations have been obtained at early times and high frequencies, the model also includes 
the possibility for an internal absorption term. This internal absorption term consists of 
two parts - synchrotron self-absorption, and mixed, f-f absorption due to thermal gas 
coexisting with the non-thermal emitting electrons. 

4. RESULTS 

The success of the basic parameterization and modeling has been shown in the good 
correspondence between the model fits and the data for all subtypes of RSNe: e.g., type 
lb SN 1983N (Sramek et al. 1984), type Ic SN 1990B (Van Dyk et al. 1993a), and type 
II SN 1979C (Weiler et al. 1991, 1992a, and Monies et al. 2000) and SN 1980K (Weiler 
et al. 1992b, and Montes et al. 1998). Note that after day ~ 4000, the evolution of the 
radio emission from both SN 1979C and SN 1980K deviates from the expected model 
evolution and that SN 1979C shows a sinusoidal modulation in its flux density prior to 
day -4000 (se Fig. 1 and 2). 

Additionally, in their study of the radio emission from SN 1986J, Weiler et al. (1990) 
found that the simple Chevalier model could not describe the relatively slow turn-on. 
They therefore included terms described mathematically by a clump optical depth, 
TcsM c i umps > in the model equations. This extension greatly improved the quality of the 
fit and was interpreted by Weiler et al. (1990) to represent the presence of filaments 
or clumps in the CSM. Such a dumpiness in the wind material was again required for 
modeling the radio data from SN 1988Z (Van Dyk et al. 1993b, and Williams et al. 2002) 
and SN 1993 J (Van Dyk et al. 1994). Since that time, evidence for filamentation in the 
envelopes of SNe has also been found from optical and UV observations (Filippenko et 
al. 1994, and Spyromilio 1994). 



4.1. Mass-Loss Rate from Radio Absorption 

From the Chevalier model (1982a, 1982b), the turn-on of the radio emission for RSNe 
provides a measure of the presupernova mass-loss rate to wind velocity ratio (M/w w j nt j). 
Weiler et al. (1986) derived this ratio for the case of pure, external absorption by a 
homogeneous medium. However, Weiler et al. (2002) propose several possible origins 
for absorption and generalize Eq. 16 of Weiler et al. (1986) to 
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where m is the exponent of the power-law growth of the SN front radius, r<^t m . 

Since the appearance of optical lines for measuring SN ejecta velocities is often 
delayed a bit relative to the time of the explosion, for convenience they take the reference 
time to be t\ = 45 days. Also, because many SN measurements indicate velocities of 
~ 10,000 km s , one usually assumes v\ = Vbiastwave = 10,000 km s _1 and takes 
values of T = 20,000 K, w w i n d = 10 km s _1 (which is appropriate for a RSG wind), 
t = (?6cm peak — ^o) days from best fits to the radio data for each RSN, and m = — 8/3 or 
m = — (a — j8 — 3)/3, as appropriate (Weiler et al. 2002, and Sramek & Weiler 2003). 

The optical depth term < > used by Weiler et al. (1986) is extended by Weiler 
et al. (2001) and they identify at least three possible absorption regimes: 1) absorption 
by a homogeneous external medium, 2) absorption by a clumpy or filamentary external 
medium with a statistically large number of clumps, and 3) absorption by a clumpy 
or filamentary medium with a statistically small number of clumps. These three cases 
have different formulations for < > which are described in detail by Weiler et al. 
(2002). Mass-loss rate estimates from radio absorption obtained in this manner tend 
to be ~ 10~ 6 M yr" 1 for type Ib/c SNe and ~ 10~ 4 - 10~ 5 M yr" 1 for type II SNe. 
Estimates for some of the best studied SNe are given in Weiler et al. (2002). As discussed 
by Panagia et al. (2006, in preparation), the high mass loss rates measured for SNII 
confirm that their progenitors are Red Supergiants with original masses above 8 M . 



A particularly interesting case of mass-loss from an RSN is SN 1993 J, where detailed 
radio observations are available starting only a few days after explosion (Fig. 3). Van 
Dyk et al. (1994) find evidence for a changing mass-loss rate (Fig. 4) for the presu- 
pernova star which was as high as ~ 10~ 4 M yr _1 approximately 1000 years before 
explosion and decreased to ~ 10~ 5 M yr _1 just before explosion, resulting in a rela- 
tively flat density profile of p r 1 5 . 

Fransson & Bjorgsson (1998) have suggested that the observed behavior of the f- 
f absorption for SN 1993 J could alternatively be explained in terms of a systematic 
decrease of the electron temperature in the circumstellar material as the SN expands. It 
is not clear, however, what the physical process is which determines why such a cooling 
might occur efficiently in SN 1993 J, but not in SNe such as SN 1979C and SN 1980K 
where no such behavior is seen. Also, recent X-ray observations with the ROSAT of 
SN 1993 J indicate a non-r~ 2 CSM density surrounding the SN progenitor (Immler et al. 
2001), with a density gradient of p oc r ~ L6 . 



4.2. Changes in Mass-Loss Rate 
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FIGURE 3. Type lib SN 1993J at 1.3 cm (22.5 GHz; open circles, solid line), 2 cm (14.9 GHz; stars, 
dashed line), 3.6 cm (8.4 GHz; open squares, dash-dot line), 6 cm (4.9 GHz; open triangles, dotted line), 
and 20 cm (1.5 GHz; open diamonds, dash-triple dot line). 
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FIGURE 4. Changing mass-loss rate of the presumed red supergiant progenitor to SN 1993 J versus 
time before the explosion. 

Moreover, changes in presupernova mass-loss rates are not unusual. Montes et al. 
(2000) find that type II SN 1979C had a slow increase in its radio light curve after day 
~ 4300 (see Fig. 1) and type II SN 1980K showed a steep decline in flux density at 
all wavelengths (see Fig. 2) by a factor of ~ 2 occurring between day ~3700 and day 
~4900 Montes et al. (1998). 



4.3. Binary Systems 

In the process of analyzing a full decade of radio measurements from SN 1979C, 
Weiler et al. (1990, 1992a) found evidence for a significant, quasi-periodic, variation 
in the amplitude of the radio emission at all wavelengths of ~ 15% with a period of 
1575 days or ~ 4.3 years (see Fig. 1 at age < 4000 days). They interpreted the variation 
as due to a minor (~ 8%) density modulation, with a period of ~ 4000 years, on the 
larger, relatively constant presupernova stellar mass-loss rate. Since such a long period is 



inconsistent with most models for stellar pulsations, they concluded that the modulation 
may be produced by interaction of a binary companion in an eccentric orbit with the 
stellar wind from the presupernova star. 

This concept was strengthened by more detailed calculations for a binary model from 
Schwarz & Pringle (1996). Since that time, the presence of binary companions has 
been suggested for the progenitors of SN 1987 A (Podsiadlowski et al. 1992), SN 1993 J 
(Podsiadlowski et al. 1993), SN 19941 (Nomoto et al. 1994), SN 1998bw (Weiler et al. 
2001), and SN 2001ig (Ryder et al. 2004), indicating that binaries may be common in 
presupernova systems. 



4.4. Ionized Hydrogen Along the Line-of-Sight 

A reanalysis of the radio data for SN 1978K from Ryder et al. (1993) clearly shows 
flux density evolution characteristic of normal type II SNe. Additionally, the data in- 
dicate the need for a time-independent, free-free absorption component. Montes et al. 
(1997) interpreted this constant absorption term as indicative of the presence of HII 
along the line-of-sight to SN 1978K, perhaps as part of an HII region or a distant circum- 
stellar shell associated with the SN progenitor. A high-dispersion spectrum of SN 1978K 
at the wavelength range 6530 — 6610 A obtained by Chu et al. (1999) showed narrow 
nebular Ha and [N II] emission with a high [N II] 6583/Ha ratio of 0.8 — 1.3 indicative 
of a stellar ejecta nebula. These data suggest that the nebula detected towards SN 1978K 
is probably part of a large, dense, structured circumstellar envelope. 



4.5. Constraints on Type la Supernova Progenitors 

Recently Panagia et al. (2006) have discussed the radio observations of 27 Type la 
supernovae (SNIa) observed over two decades with the Very Large Array. No SNIa has 
been detected so far in the radio, implying a very low density for any possible circum- 
stellar material established by the progenitor, or progenitor system, before explosion. 
They derive 2a upper limits to a steady mass-loss rate for individual SNIa systems as 
low as ~ 3 x 10~ 8 M yr _1 , discriminating strongly against white dwarf accretion via 
a stellar wind from a massive binary companion in the symbiotic star. However, in the 
"single degenerate" scenario, a white dwarf accreting from a relatively low mass com- 
panion via a high efficiency (> 60 — 80 %) Roche lobe overflow is still consistent with 
such limits. The "double degenerate" merger scenario also cannot be excluded. 

5. CONCLUSIONS 

The success of the basic parameterization and modeling is shown in the good agreement 
between the model fits and the data for all subtypes of RSNe. Thus, the radio emission 
from SNe appears to be relatively well understood in terms of blastwave interaction with 
a structured CSM and allows description of such progenitor system properties as mass- 



loss rate, change in mass-loss rate, filamentation or dumpiness, binarity, and remote HII, 
as well as estimates of progenitor properties. 
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